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A 

I I growing number of neurodegenerative disor- 
ders have been found to belong to the group of CAG 
triplet repeat disorders including H untington's disease 
(H D ), spinal and bulbar muscular atrophy (SB M A ), 
dentatorubral palidoluysian atrophy, M achado-Joseph 
disease/spinocerebellar ataxia type 3, and spinocerebel- 
lar ataxias types 1, 2, 6, and 7. 1 A II these illnesses are 
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caused by an elongated CA G repeat located in the cod- 
ing region of the respective genes, which is translated 
into a polyglutamine tract. The mechanism by which 
CA G repeats elongate is currently unknown and is the 
subject of intensive investigation. 2 
Characteristic features of CAG repeat disorders are 
autosomal dominant inheritance (except SB MA), late 
onset, selective neurodegeneration, genetic anticipation, 
a pathological threshold at which the mutation becomes 
virulent, and an inverse correlation between CAG 
repeat length and age at disease onset. The number of 
glutamines in the normal (<35 residues) and abnormal 
ranges (>35 residues) are similar in each disease pro- 
tein, with the exception of spinocerebellar ataxia type 6 
(SC A 6). The disease proteins show no homology with 
each other except the glutamine repeat, suggesting that 
the elongated glutamine tract confers a toxic gain of 
function to each disease protein. The current body of 
evidence supports the hypothesis that expanded poly- 
glutamine repeats undergo a conformational change 
leading to abnormal protein- protein interactions, mul- 
timerization, and the formation of insoluble protein 
aggregates. 35 Indeed, abnormal neuronal inclusions have 
been detected in the brains of patients. 67 A Ithough the 
causal relationship between aggregate formation and 
disease remains to be proven, the gradual deposition of 
disease protein in neurons is consistent with the late 
onset and progressive nature of symptoms. F urthermore, 
the process of aggregate formation is ultimately associ- 
ated with degeneration of mammalian cells. 8 A nalysis 
of in vitro and in vivo model systems support the 
hypothesis that glutamine repeat disorders, like 
A Izheimer's disease and Parkinson's disease, are caused 
by an aggregation-based pathogenetic mechanism. H ow- 
ever, there are also studies that suggest that the process 
of aggregate formation may even be beneficial to neu- 
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Huntington'sdisease (HD) isa progressive, late-onset neu- 
rodegenerative illness with autosomal dominant inheri- 
tance that affects one in 10 000 individuals in Western 
Europe. The disease is caused by a polyglutamine repeat 
expansion located in the N-terminal region of the hunt- 
ingtin protein. The mutation is likely to act by a gain of 
function, but the molecular mechanisms by which it leads 
to neuronal dysfunction and cell death are not yet known. 
The normal function of huntingtin in cell metabolism is 
also unclear. There is no therapy for HD. Research on HD 
should help elucidate the pathogenetic mechanism of this 
illness in order to develop successful treatments to prevent 
or slow down symptoms This article presents new results 
in HD research focusing on in vivo and in vitro model sys- 
tems, potential molecular mechanisms of HD, and the 
development of therapeutic strategies 
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Selected abbreviations and acronyms 

HA PI huntingtin-associated protein- 1 

HD H untington's disease 

HI PI huntingtin interacting protein- 1 

Nil neuronal intranuclear inclusion 

SBMA spinal and bulbar muscular atrophy 



ronal cells. 910 A ggregation as the main detrimental factor 
in neurodegeneration in HD and related illnesses has 
been a debated issue in recent years. 
This article will describe recent advances in under- 
standing the pathogenesis of H D, the most common and 
most studied of the glutamine repeat disorders D ifferent 
model systems for the screening and analysis of potential 
therapeutic molecules have been established and have 
yielded exciting results with regard to halting the for- 
mation of insoluble protein aggregates. 

Clinical features 
and neuropathology of 
Huntington's disease 

H D begins gradually with mood disturbances, increasing 
involuntary movements (chorea), and cognitive impair- 
ment, finally leading to dystonia and severe dementia. 
The first symptoms typically appear in mid-life (late 
fourth and fifth decade); however, there are also juvenile 
and late-onset cases. With in 15 to 20 years after itsonset, 
the disease inexorably progresses to death. M ood abnor- 
malities often start appearing a few years before move- 
ment dysfunction, which comprises both involuntary as 
well as impaired voluntary movements. Chorea is 
observed in -90% of all H D patients and increasesdur- 
ing the first 10 years of the illness, while dystonia is infre- 
quent in the early symptomatic period but becomes 
prominent at the late stages of the illness. Cognitive dis- 
turbances begin with a loss of mental flexibility and 
progress to profound dementia. 
The clinical progression of H D is associated with degen- 
eration of the striatum. H D is classified into five patho- 
logical grades, ranging from microscopically unde- 
tectable abnormalities of patient brains to extensive 
atrophy. 11 A II grades exhibit a loss of brain weight (up to 
30%) resulting from neuronal cell death. The extent of 
neuronal cell death is directly related to the severity of 
disease. I n the basal ganglia, the caudate nucleus is more 



severely affected than the putamen or the globus pal- 
lidum The specific progressive atrophy in these brain 
regions is associated with reactive astrocytosis. 12 Within 
the striatum there is selective loss of medium spiny 
G A BA (y-aminobutyric acid)-ergic neurons, which pro- 
ject into the pallidum forming the indirect striatopallidal 
pathway. Prior to cell death, neuronal dysfunction is 
manifested by abnormalities of dendritic endings. In 
addition to atrophy in the striatum, extensive neuronal 
cell loss also occurs in the deep layers of the cerebral 
cortex, white matter, hippocampus, amygdala, and thal- 
amus. 13 

The disease gene 
and its protein 

The human H D gene is located in the chromosomal 
region 4pl6.3 and was isolated by positional cloning 
approaches. 14 1 1 contains 67 exons and encodes the hunt- 
ingtin protein of 3144 residues with a molecular mass 
of about 350 kd. The mutation underlying H D is an 
unstable CA G trinucleotide repeat expansion in the first 
exon of the gene. It ranges from 6 to 37 units in healthy 
individuals, and 38 to 180 units in H D patients. 1516 The 
CAG repeat is translated into a polyglutamine stretch, 
which is conserved in vertebrates, containing 7 gluta- 
mines in the mouse 17 and only 4 in the puffer fish, 18 but is 
absent from the Drosophila protein. 19 The predicted 
huntingtin protein sequence is highly conserved between 
human, mouse, and puffer fish, but shows no significant 
homology with other proteins in databases. The only 
functional motives that have been discovered are a puta- 
tive leucine zipper and a H E AT repeat. 20 HEAT repeats 
consist of two hydrophobic a-helices and were found in 
proteins involved in cellular transport processes. We 
have found that the huntingtin interacting protein-1 
(HIP1) associates with the HEAT repeat. 21 H owever, 
whether this sequence motive is essential for 
protein-protein interaction remains to be determined. 
H I P 1 has been identified using the yeast two-hybrid sys- 
tem. The predicted amino acid sequence of HI PI 
exhibits significant similarity to cytoskeleton proteins, 
suggesting that H I PI and the huntingtin protein play a 
functional role in the cell filament networks and/or vesi- 
cle trafficking. For example, H I PI is homologous to the 
yeast protein Sla2p, 22 which associates with the mem- 
brane cytoskeleton and plays a functional role in endo- 
cytosis. 23 Recently, colocalization of H I PI and huntingtin 
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with clathrin-coated vesicles in mammalian cells has 
been described, suggesting that both proteins also play a 
functional role in endocytosis in higher eukaryotes. 2425 
This hypothesis is substantiated by the finding that hunt- 
ingtin and its associated protein, huntingtin-associated 
protein-1 (H A PI), 26 are transported along microtubules 
in axons. 27 Furthermore, direct binding of H A PI with 
pl50G lued of the dynactin complex, which is critical for 
retrograde movement of vesicles along microtubules, 
has been described. 28 Together these findings indicate 
that a protein complex consisting of the proteins H I PI, 
H A PI, and huntingtin is functionally involved in endo- 
cytosis and retrograde transport of clathrin-coated vesi- 
cles along microtubules. H owever, additional cell biology 
and biochemical studies will be necessary to address this 
hypothesis in more detail. 

U sing the yeast two-hybrid system we have also demon- 
strated that the SH 3-containing Grb2-like protein 
SH 3G L 3 associates with huntingtin. 29 This protein is 
preferentially expressed in brain and testis and selec- 
tively interacts with the proline-rich region in huntingtin, 
which is located immediately downstream of the polyg- 
lutamine tract. The SH3GL3 protein, as well as its 
homologous proteins SH 3G L 1 and SH 3G L 2, belongs 
to a novel SH 3-containing protein family. M embers of 
this family contain the SH 3 domain at the C-terminus 
that is evolutionarily conserved and drives protein-pro- 
tein interactions through proline-rich ligands. 30 In the 
central nervous system, these proteins play a major role 
in the signal transduction from membrane receptors and 
the regulation of the exocytic/endocytic cycle of synaptic 
vesicles. 31 Thus, enhanced binding of SH 3G L 3 to hunt- 
ingtin with a polyglutamine sequence in the pathological 
range (eg, 50 glutamines) could result in dysregulation of 
the endocytic/exocytic cycle in mammalian cells. 
In order to address the functional role of huntingtin, H I PI, 
and SH 3G L3 in synaptic vesicle transport in more detail, 
the homologous mouse genes were mapped and cloned. 32 ' 34 
The generation of H I PI and SH 3G L 3 knockout as well as 
transgenic animal models will help elucidate the normal 
function of huntingtin and may also help to understand the 
key steps in the pathogenesis of H D . 

Neuronal inclusions 
and neuropathology 

I n order to study the effect of an elongated polygluta- 
mine sequence on neuronal dysfunction and neurode- 



generation in vivo, M angiarini et al 35 generated the first 
H D transgenic mice. I n these animals, exon 1 of the 
human H D gene carrying a CAG repeat of 115 to 156 
units was expressed under the control of the H D pro- 
moter. Strikingly, expression of the mutant huntingtin 
fragment resulted in the development of a progressive 
neurological phenotype very similar to H D, including 
tremor, epileptic seizures, involuntary movements, and 
cell loss. This indicates that expression of a truncated 
huntingtin fragment with a polyglutamine sequence in 
the pathological range is sufficient for the development 
of a neurological phenotype with characteristic features 
of HD. 

Davies et al 36 observed that these transgenic animals 
developed pronounced neuronal intranuclear inclusions 
(Nils) containing huntingtin and ubiquitin prior to the 
development of the neurological phenotype, indicating 
that formation of N 1 1 s is a prerequisite for the devel- 
opment of neuronal dysfunction in H D . 
Within the last few years, several other laboratories 
have confirmed the appearance of N 1 1 s using different 
transgenic mouse models of H D . 37-39 Full-length hunt- 
ingtin protein as well as truncated versions of the pro- 
tein with a polyglutamine sequence in the pathologi- 
cal range (40-150 glutamines) were expressed in mice 
under the control of different promoters.The majority 
of these studies suggest that the formation of N 1 1 s is 
correlated with the appearance of progressive neu- 
ronal dysfunction and toxicity.Thus, it is reasonable 
to assume that reduction of inclusion body forma- 
tion and huntingtin aggregation may have a benefi- 
cial effect on disease progression in HD patients. 
U sing a conditional mouse model of H D, Yamamoto 
et al 40 demonstrated that blocking the expression of 
mutant huntingtin protein in neurons resulted in the 
disappearance of inclusions and the behavioral phe- 
notype. Therefore, reduction of H D protein expres- 
sion in patients and/or stimulation of natural clear- 
ance mechanisms could be effective therapeutic 
strategies for H D . 

A part from Nils, inclusion bodies with aggregated hunt- 
ingtin protein were recently detected in axons and axon 
terminals of striatal neurons. 41 These structures were 
termed neuropil aggregates. The formation of these 
aggregates is likely to affect specific neuronal functions 
such as axonal transport and neurotransmitter release or 
uptake in axon terminals. Therefore, the deposition of 
mutant huntingtin protein in the terminals of striatal 
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neurons, which are affected most in H D, may contribute 
to the selective neuropathology of H D . 
A fter the discovery of N 1 1 s in brains of transgenic ani- 
mals, 35 similar structures were detected in postmortem 
brains of H D patients. 67 Nils were found in neurons 
but not in glia cells. I mmunohistochemical studies 
showed that they are most abundant in the striatum 
and the cerebral cortex, the areas most affected by 
HD. In the striatum, inclusions were found in the 
medium spiny neurons that are selectively lost during 
H D . N 1 1 s in patient brains are detected by antibodies 
directed against the N -terminus of huntingtin, but not 
by antibodies that recognize the C-terminus of the 
protein, indicating that a truncated N -terminal hunt- 
ingtin fragment rather than the full-length protein is 
present in the N 1 1 s of patients. L ike the N 1 1 s in trans- 
genic animals, the N 1 1 s in patients were stained with 
anti-ubiquitin antibodies. These results suggest that 
the truncated huntingtin protein present in the inclu- 
sion bodies is ubiquitinated but cannot be degraded by 
the proteasome system. 42 U Itrastructural studies 
revealed that N 1 1 s in patient brains contain aggregated 
huntingtin protein with a fibrillar and granular mor- 
phology. In addition, dystrophic neurites containing 
aggregated huntingtin protein were detected. 6 Dys- 
trophic neurites are known to result from dysfunction 
of neuronal retrograde transport. Formation of insol- 
uble huntingtin aggregates could alter this process in 
neuronal cells. 

It remains unclear to date whether the formation of 
Nils, dystrophic neurites, or neuropil aggregates is the 
cause or merely a consequence of neurodegenerative 
disorders. U sing neuronal cell culture model systems 
and transgenic animals, Saudou et al 9 and K lement et 
al 10 presented evidence that the formation of inclusion 
bodies could be nontoxic or even beneficial to neu- 
ronal cells. They showed that overexpression of dis- 
ease proteins with a polyglutamine sequence in the 
pathological range is toxic for neuronal cells, but inclu- 
sion formation does not contribute to toxicity. How- 
ever, using cell culture as well as transgenic animal 
model systems in the presence of more physiological 
amounts of mutant huntingtin, cell death was observed 
only after fibrillar structures had formed. We there- 
fore propose that formation of aggregates and subse- 
quently of inclusion bodies is a key step in the devel- 
opment of late-onset progressive neurodegenerative 
disorders. 



Huntingtin protein aggregation 
and therapeutic strategies 

If aggregation is crucial, preventing aggregation must 
slow down disease progression. We have developed a 
number of in vitro and in vivo strategies to address this 
issue, the creation of a drug screen assay being one of 
them. 

Formation of insoluble huntingtin protein aggregates 
was reproduced in vitro. We found that H D exon 1 
protein fragments with polyglutamine tracts in the 
pathological range (>37 glutamines), but not with a 
polyglutamine tract in the normal range (20-32 gluta- 
mines), form high-molecular-weight protein aggre- 
gates. 543 Electron micrographs of these aggregates 
revealed a characteristic fibrillar or ribbon-like mor- 
phology, reminiscent of scrapie prion rods and the p- 
amyloid fibrils found in A Izheimer's disease. 5 The fib- 
rillar structures are thought to result from the 
polyglutamine sequences acting as "polar zippers." 
Perutz 3 proposed that expansion of polyglutamine 
repeats beyond a critical length of 41 glutamines may 
lead to a phase change from random coils to hydro- 
gen-bonded hairpins that self-assemble into insoluble 
protein aggregates. 0 ur in vitro experiments with glu- 
tathione S-transferase (G ST)-H D exon 1 fusion pro- 
teins support this hypothesis, suggesting that the struc- 
tural transition caused by expansion and required for 
aggregate formation occurs between 32 to 37 gluta- 
mines. Polyglutamine tracts with 37 or more gluta- 
mines readily self-assemble into insoluble protein 
aggregates, whereas polyglutamine tracts with less 
than 32 glutamines did not show any evidence of fibril 
formation. Interestingly, it has been shown that the 
pathological range of the polyglutamine sequence in 
H D is between 38 to 41 glutamines, with no H D case 
reported with fewer than 38 glutamines, nor any indi- 
vidual with more than 41 glutamines having remained 
unafflicted by H D.The threshold for the formation of 
insoluble huntingtin fibrils in vitro is remarkably sim- 
ilar to the pathological threshold in H D. 
Jarrett and Lansbury 44 proposed that the self-assembly 
of p-amyloids into fibrillar structures in A Izheimer's dis- 
ease occurs by a nucleation-dependent mechanism. We 
found that the formation of amyloid-like huntingtin fib- 
rils in vitro and in vivo critically depends on polygluta- 
mine repeat length, protein concentration, and time. Fur- 
thermore, huntingtin aggregation can be seeded by 
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preformed fibrils, suggesting that fibrillogenesis in H D, 
as in A Izheimer's disease, is caused by nucleation-depen- 
dent polymerization. 43 0 ur findings that the assembly 
of huntingtin aggregates requires the formation of a 
nucleus and is time- and protein concentration-depen- 
dent may account for the late onset and progressive phe- 
notype in H D. A Ithough fibril formation occurs within 
hours in the in vitro system, it may take years in neu- 
ronal cells of H D patients.The concentration of mutant 
huntingtin in medium spiny neurons, which are affected 
most in H D, is unknown, but it is likely to be much lower 
than that used in the in vitro aggregation assaysThus, we 
suggest that the lag time during which huntingtin dimers, 
trimers, and oligomers are formed in vivo is significantly 
elongated in H D patients. 

For the identification of huntingtin aggregation inhi- 
bitors, we have developed a rapid and sensitive filter 
retardation assay, which is suitable for the high- 
throughput screening of drugs that prevent aggregate 
formation. 45 This assay is based on the finding that 
H D exon 1 aggregates are insoluble in sodium dode- 
cyl sulfate (SDS) and are retained on a cellulose 
acetate filter, whereas monomeric forms of the H D 
exon 1 protein do not bind to this filter membrane. 
The captured aggregates are then detected by simple 
immunoblot analysis using a specific anti-huntingtin 
antibody. Using the filter retardation assay, we first 
tested a number of known inhibitors of (3-amyloid, 
PrP scr , and microtubule fibril formation for their effect 
on huntingtin aggregation in vitro. 46 We found that 
Congo red, thioflavine S, chrysamine G, and Direct 
fast yellow inhibited H D exon 1 protein aggregation 
in a dose-dependent manner, whereas other potential 
inhibitorsof (3-amyloid formation, such as thioflavine 
T, gossypol, melatonin, and rifampicin, had little or 
no effect on huntingtin aggregation. The results 
obtained in vitro were confirmed in cell culture model 
systems. Furthermore, we found that the monoclonal 
antibody 1C2, which specifically recognizes the elon- 
gated polyglutamine stretch in huntingtin, and the 
heat shock proteins H sp70 and H sp40 are potent 
inhibitors of huntingtin aggregation. 4647 1 nterestingly, 
the addition of heat shock proteins to in vitro aggre- 
gation reactions shifts the self-association pathway of 
huntingtin from fibrillar to amorphous aggregation. 
This suggests that in vivo chaperones may have the 
potential to transform toxic fibrillar aggregates into 
nontoxic aggregates, which can then be degraded by 



the ubiquitin/proteasome system. Thus, small mole- 
cules that activate a heat shock response in neurons 
may be effective in delaying the onset and progression 
of HD. However, additional research using in vitro 
and in vivo model systems will be required to show 
whether an increase in chaperone levels in neurons 
is a viable therapeutic strategy. 

Conclusions 

Inhibition of huntingtin fibrillogenesis by small mole- 
cules is a very attractive therapeutic strategy. D rugs that 
bind to the mutant huntingtin protein should delay the 
onset and progression of H D.The future challenge will 
be to find small chemical compounds that have reason- 
able brain permeability, and per se are nontoxic to neu- 
ronal cells. In order to find such compounds, we have 
performed high-throughput screening using an auto- 
mated filter retardation assay. Within the last year we 
have tested more then 180 000 different chemical com- 
pounds and identified about 700 small molecules that 
prevent huntingtin aggregation in vitro. These com- 
pounds are currently being tested in cell culture model 
systems of H D. We were able to reduce aggregate for- 
mation in mammalian cells; as a consequence, cytotoxi- 
city was lowered. This is a very important finding, 
because it shows for the first time that there is a direct 
link between the process of aggregate formation and 
disease. The next challenge will be to test these sub- 
stances in transgenic animals for their ability to cross 
the blood-brain barrier, to dissolve neuronal inclusions 
or prevent their formation, and to reduce neurodegen- 
erative symptoms. If this proves successful, one could 
think of moving on to clinical trials. Since the identifica- 
tion of the gene for H untington's chorea in 1993, this 
would represent a major milestone in H D research and 
also in molecular medicine generally, because for the 
first time a causal therapy for an inherited disease would 
be within reach. 1 1 would also have positive implications 
for functional genomics, because it would be the first 
time the strategy of finding a gene with a positional 
cloning approach and subsequent functional analysis 
and characterization of the pathogenetic mechanism had 
been able to lead to a causal therapy of an illness. □ 
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Enfermedad de Huntington: desde los genes 
a la potencial terapia 

La Enfermedad de Huntington (EH) esuna pato- 
logfa progresiva, neurodegenerativa, de aparicion 
tardfa con herencia autosomica dominante que 
afecta a uno en 10 000 individuos en Europa 
Occidental. La enfermedad escausada por una 
expansion repetida de poliglutamina ubicada en 
la region N-terminal de la protema huntingtina. 
La mutacion es probable que actue por un 
aumento de la funcion, pero los mecanismos 
molecularesque conducen a la disfuncion neuro- 
nal y la muerte celular aun no se conocen. La fun- 
cion normal de la huntingtina en el metabolismo 
celular tampoco esta aclarada. No haytratamien- 
to para la EH. La investigacion en la EH debe ayu- 
dara esclarecer los mecanismos patogeneticosde 
esta enfermedad en orden a desarrollar trata- 
mientosexitosospara prevenir o reducir lossm- 
tomas. Este artfculo presenta nuevos resultados 
en la investigacion de la EH focalizadosen siste- 
mas modelo en vivo e in vitro, potenciales meca- 
nismos molecularesde la EH yel desarrollo de 
estrategiasterapeuticas 



La maladie de Huntington : du gene au 
traitement potentiel 

La maladie de Huntington (M H) est une patholo- 
gie neurodegenerative progressive d'apparition 
tardive a transmission dominante autosomique 
qui atteint un individu sur 10 000 en Europe de 
I'Ouest. Une amplification genique de la polyglu- 
tamine situee sur la region N-terminale de la pro- 
teine huntingtin est a I'origine de la maladie. La 
mutation agit probablement par I'intermediaire 
d'un gain fonctionnel mais les mecanismes mole- 
culairesqui conduisent a la dysfonction neurona- 
le et a la mort cellulaire ne sont pas encore 
connus Le role normal de la proteine huntingtin 
dans le metabolisme cellulaire est egalement obs- 
cur. II n'existe pasa I'heureactuellede traitement 
pour la MH. La recherche devrait fournir des 
eclaircissements sur les mecanismes pathoge- 
niquesde la maladie et permettre le developpe- 
ment de therapeutiquescapablesde prevenir ou 
de ralentir les symptomes. L'article qui suit pre- 
sente les nouveaux resultatsde la recherche dans 
la MH, tout particulierement ceuxconcernant les 
systemesde modelisation in vivo et in vitro, les 
mecanismes moleculaires potentiels de la M H et 
le developpement des strategies therapeutiques 



REFERENCES 

L Paulson HL. Protein fate in neurodegenerative proteinopathies: poly-glu- 
tamine diseasesjoin the (misjfold. Am J Hum Genet. 1999;64:339-345. 

2. Wells RD. Molecular basis of genetic instability of triplet repeats. J Biol 
Chem. 1996;271:2875-2878. 

3. Perutz MR Glutamine repeats and inherited neurodegenerative dis- 
eases: molecular aspects. Curr Opin Struct Biol. 1996;6:848-858. 

4. Trottier Y, Lutz Y, Stevanin G, et al. Polyglutamine expansion as a patho- 
logical epitope in Huntington'sdisease and four dominant cerebellar atax- 
ias. Nature. 1995;378:403-406. 

5. Scherzinger E, Lurz R, Turmaine M, et al. Huntingtin-encoded polyglut- 
amine expansions form amyloid-like protein aggregates in vitro and in 
vivo. Cell. 1997;90:549-558. 

6. DiFiglia M, Sapp E, Chase KO, et al. Aggregation of huntingtin in neu- 
ronal intranuclear inclusions and dystrophic neurites in brain. Science. 
1997;277:1990-1993. 

7. Sieradzan KA, Mechan AO, Jones L, Wanker EE, Nukina N, Mann DM . 
Huntington'sdisease intranuclear inclusions contain truncated, ubiquitin- 
ated huntingtin protein. Exp Neurol. 1999;156:92-99. 

8. Carmichael J, Chatellier J, Woolfson A, Milstein C, Fersht AR, Rubin- 
sztein DC. Bacterial and yeast chaperones reduce both aggregate forma- 
tion and cell death in mammalian cell models of Huntington'sdisease. 
Proc Natl Acad Sci USA. 2000;97:9701-9705. 



9. Saudou F, FinkbeinerS, DevysD, Greenberg ME. Huntingtin acts in the 
nucleus to induce apoptosis but death does not correlate with the for- 
mation of intranuclear inclusions. Cell. 1998;95:55-66. 

10. Klement IA, Skinner PJ, Kaytor MD, et al. Ataxin-1 nuclear localiza- 
tion and aggregation: role in polyglutamine-induced disease in SCA1 trans- 
genic mice [see comments]. Cell. 1998;95:41-53. 

11. Vonsattel J P, Meyers RH, StevensTJ , Ferrante RJ , Bird ED, Richardson EP. 
Neuropathological classification of Huntington's disease. J Neuropath Exp 
Neurol. 1985;44:559-577. 

12. Myers RH, Vonsattel JP, Paskevich PA, et al. Decreased neuronal and 
increased oligodendroglial densities in Huntington's disease caudate 
nucleus. J Neuropathol Exp Neurol. 1991;50:729-742. 

13. de la Monte SM, Vonsattel J P, Richardson EPJr. Morphometric demon- 
stration of atrophic changes in the cerebral cortex, white matter, and neo- 
striatum in Huntington'sdisease. J Neuropathol Exp Neurol. 1988;47:516-525. 

14. The Huntington's Disease Collaborative Research Group. A novel gene 
containing a trinucleotide repeat that is unstable on Huntington'sdisease 
chromosomes. Cell. 1993;72:971-983. 

15. Rubinsztein DC, LeggoJ, Coles R, et al. Phenotypic characterization of 
individuals with 30-40 CAG repeats in the Huntington disease (HD) gene 
reveals HD cases with 36 repeats and apparently normal elderly individu- 
als with 36-39 repeats Am J Hum Genet. 1996;59:16-22. 

16. Sathasivam K, Amaechi I, Mangiarini L, Bates GP. Identification of an HD 
patient with a (CAG)180 repeat expansion and the propagation of highly 
expanded CAG repeats in lambda phage. Hum Genet. 1997;99:692-695. 



22 



H untington's disease: from gene to potential therapy - Lehrach and Wanker 



D ialogues in Clinical Neuroscience- Vol 3 ■ No. 1 ■ 2001 



17. Lin B, NasirJ, MacDonald H, et al. Sequence of the murine Huntington's 
disease gene: evidence for conservation, and polymorphism in a triplet 
(CCG) repeat alternate splicing. Hum Mol Genet. 1994;3:85-92. 

18. Baxendale S, Abdulla S, Elgar G, et al. Comparative sequence analysisof 
the human and puffer fish Huntington's disease gene. Nat 
Genet. 1995;10:67-75. 

19. Li Z, Karlovich CA, Fish MP, Scott MP, Myers RM. A putative Drosophila 
homolog of the Huntington'sdiseasegene. Hum Mol Genet. 1999;8:1807-15. 

20. Andrade MA, Bork P. HEAT repeats in the Huntington's disease protein 
[letter]. Nat Genet. 1995;11:115-116. 

21. Wanker EE, Rovira C, Scherzinger E, et al. HIP-I: a huntingtin interact- 
ing protein isolated by the yeast two-hybrid system. Hum Mol Genet. 
1997;6:487-495. 

22. Holtzman DA, Yang S, Drubin DG. Synthetic-lethal interactions identify 
two novel genes, SLA1 and SLA2, that control membrane cytoskeleton 
assembly in Saccharomycescerevisiae. J Cell Biol. 1993;122:635-644. 

23. Wesp A, Hicke L, PalecekJ, et al. End4p/Sla2p interacts with actin-asso- 
ciated proteins for endocytosis in Saccharomyces cerevisiae. Mol Biol Cell. 
1997;8:2291-2306. 

24. Velier J, Kim M, Schwarz C, et al. Wild-type and mutant huntingtins 
function in vesicle trafficking in the secretory and endocytic pathways. 
Exp Neurol. 1998;152:34-40. 

25. Engqvist-Goldstein AE, Kessels MM, Chopra VS, Hayden MR, Drubin 
DG. An actin-binding protein of the Sla2/Huntingtin interacting protein 1 
family is a novel component of clathrin-coated pits and vesicles. J Cell Biol. 
1999;147:1503-1518. 

26. Li XJ, Li SH, Sharp AH, et al. A huntingtin-associated protein enriched 
in brain with implications for pathology. Nature. 1995;378:398-402. 

27. Block-Galarza J, Chase KO, Sapp E, et al. Fast transport and retrograde 
movement of huntingtin and HAP 1 in axons. Neuroreport. 1997;8:2247- 
2251. 

28. EngelenderS, Sharp AH, ColomerV, et al. Huntingtin-associated protein 
1 (HAP1) interactswith the pl50Glued subunit of dynactin. Hum Mol Genet. 
1997;6:2205-2212. 

29. Sittler A, Walter S, Wedemeyer N, et al. SH3GL3 associates with the 
Huntingtin exon 1 protein and promotes the formation of polygln-con- 
taining protein aggregates Mol Cell. 1998;2:427-436. 

30. Pawson T. Protein modules and signalling networks. Nature. 
1995;373:573-580. 

31. McPherson PS, Czernik AJ, ChilcoteTJ, et al. Interaction of Grb2 via its 
Src homology 3 domains with synaptic proteins including synapsin I. Proc 
Acad Natl Sci USA. 1994;91:6486-6490. 

32. Zechner U, Scheel S, Hemberger M , et al. Characterization of the mouse 
Src homology 3 domain gene Sh3d2c on Chr 7 demonstrates coexpression 
with huntingtin in the brain and identifies the processed pseudogene 
Sh3d2c-psl on Chr 2 [In Process Citation], Genomics. 1998;54:505-510. 

33. Wedemeyer N, Peoples R, Himmelbauer H, Lehrach H, Francke U, 



Wanker EE. Localization of the human HIP1 gene close to the elastin (ELN) 
locus on 7qll.23. Genomics. 1997;46:313-315. 

34. Himmelbauer H, Wedemeyer N, Haaf T, Wanker EE, Schalkwyk LC, 
Lehrach H. IRS-PCR-based genetic mapping of the huntingtin interacting 
protein gene (HIP1) on mouse chromosome 5. M amm Genome. 1998;9:26-31. 

35. Mangiarini L, Sathasivam K, Seller M, et al. Exon 1 of the Huntington's 
disease gene containing a highly expanded GAG repeat is sufficient to 
cause a progressive neurological phenotype in transgenic mice. Cell. 
1996;87:493-506. 

36. Davies SW, Turmaine M, Cozens BA, et al. Formation of neuronal 
intranuclear inclusions underlies the neurological dysfunction in mice trans- 
genic for the HD mutation. Cell. 1997;90:537-548. 

37. Reddy PH, Williams M, Charles V, et al. Behavioural abnormalities and 
selective neuronal loss in HD transgenic mice expressing mutated full-length 
HD cDNA. Nat Genet. 1998;20:198-202. 

38. Wheeler VC, White J K, Gutekunst CA, et al. Long glutamine tracts cause 
nuclear localization of a novel form of huntingtin in medium spiny stri- 
atal neurons in HdhQ92 and HdhQlll knock-in mice. Hum Mol Genet. 
2000;9:503-513. 

39. Hodgson J G, Agopyan N, Gutekunst CA, et al. A YAC mouse model for 
Huntington's disease with full-length mutant huntingtin, cytoplasmic tox- 
icity, and selective striatal neurodegeneration. Neuron. 1999;23:181-192. 

40. Yamamoto A, LucasJJ , Hen R. Reversal of neuropathology and motor 
dysfunction in a conditional model of Huntington's disease. Cell. 
2000;101:57-66. 

41. Li H, Li SH, Johnston H, Shelbourne PF, Li XJ . Amino-terminal fragments 
of mutant huntingtin show selective accumulation in striatal neuronsand 
synaptic toxicity. Nat Genet. 2000;25:385-389. 

42. Alves-Rodrigues A, Gregori L, Figueiredo-Pereira ME. Ubiquitin, cellu- 
lar inclusions and their role in neurodegeneration. Trends Neurosci. 
1998;21:516-520. 

43. Scherzinger E, Sittler A, Schweiger K, et al. Self-assembly of polygluta- 
mine-containing huntingtin fragments into amyloid-like fibrils: implica- 
tions for Huntington's disease pathology. Proc Natl Acad Sci USA. 
1999;96:4604-4609. 

44. Jarrett JT, Lansbury PT, J r. Seeding "one-dimensional crystallization" of 
amyloid: a pathogenic mechanism in Alzheimer's disease and scrapie? Cell. 
1993;73:1055-1058. 

45. Wanker EE, Scherzinger E, Heiser V, Sittler A, Eickhoff H, Lehrach H. 
Membrane filter assay for detection of amyloid-like polyglutamine-con- 
taining protein aggregates Methods Enzymol. 1999;309:375-386. 

46. Heiser V, Scherzinger E, Boeddrich A, et al. Inhibition of huntingtin fib- 
rillogenesis by specific antibodies and small molecules: implications for 
Huntington's disease therapy. Proc Natl Acad Sci USA. 2000;97:6739-6744. 

47. M uchowski PJ , Schaff ar G, Sittler A, Wanker EE, Hayer-Hartl M K, Haiti FU. 
Hsp70 and hsp40 chaperones can inhibit self-assembly of polyglutamine 
proteins into amyloid-like fibrils. Proc Natl Acad Sci USA. 2000;97:7841-7846. 



23 



